The study consisted of reactor design used for transesterification process, effect of glycerol separation on transesterification reaction, determination of biodiesel quality, and mass balance analysis. The reactor was designed by integrating circulated pump/stirrer, static mixer, and sprayer that intensify the reaction in the outer tank reactor. The objective was to reduce the use of methanol in excess and to shorten the processing time. The results showed that the reactor that applied the glycerol separation was able to compensate for the decreased use of the reactant methanol from 6:1 to 5:1 molar ratio, and changed the mass balance in the product, including: (i) the increase of biodiesel production from 42.37% to 49.34%, and (ii) the reduction of methanol in excess from 42.37% to 32.89%. The results suggested that the efficiency of biodiesel production could be increased with the glycerol separation engineering.
Introduction
One of the success indicators in biodiesel reactor design is the achievement of the production process conversion rate. The main parameter that determines the process efficiency is the design of control system of transesterification reaction of vegetable oil into biodiesel. The main problems in the transesterification reaction, namely are: (a) the reactants (oil and methanol) that are difficult to mix with each other because of their difference in phases, so it needs a strong and long stirring time in a batch blades-stirring reactor type, and (b) the reaction is reversible, which results in incomplete reaction. Reversible reaction is usually treated with methanol in excess at least twice as much as the theoretical requirements [1] .
Figure 1. Transesterification Reaction
The batch blade stirrer biodiesel reactor type has been improved by several researchers by applying a static mixer -reactor that is able to increase the reaction rate of oil and methanol in which the stirring is intensively done by the circulation pump, static mixer, and sprayer [2] [3] .
Application of static mixer in batch reactors only managed to speed up the conversion process the oil into biodiesel, but the use of excess methanol remains to be done to push the reaction equilibrium towards product formation corresponding to mass action law, the equilibrium reaction shifts to the party who is not given the excess mass. The addition of excess methanol as reactant will harm competition and lower the economic value of the reactor. Therefore, it is necessary to find other measures in which the transesterification reaction was restrained to the formation of biodiesel products as much as possible.
The idea of the study was how to create a reactor that is able to accommodate the separation of glycerol gradually as soon as it is formed during the process. It is an alternative to completing the reaction that is in accordance with the Mass Action Law, in which the separation of glycerol as a byproduct of the transesterification reaction is expected to compensate for the reduced use of methanol in excess and to increase the reaction rate.
The aim of this study is to design and build a biodiesel reactor for converting vegetable oils into biodiesel. In this paper, we present the results of a test on an effect of the glycerol separation on the transesterification reaction, determine the quality of biodiesel, and analyze the mass balance.
Methods
Reactor design. Biodiesel reactors are vessels designed to contain chemical reactions. The design of a chemical reactor deals with multiple aspects of chemical engineering. Chemical engineers design reactors to maximize net present value for the given reaction [6] . Designers ensure that the reaction proceeds with the highest efficiency towards the desired output product, producing the highest yield of product while requiring the least amount of money to purchase and operate.
The research was an engineering design research, and was not a routine research in which there were new contributions, both in processes and products [7] . The stages of the design engineering were: (i) problem identification (ii) initial idea, (iii) problem refinement, (iv) decision making, and (v) implementation. The designers generally worked in sequence according to these stages, but it was not impossible that they returned to a previous step if there were mistakes. The stages of the study were shown in Figure 2 .
In order to carry out the conversion of vegetable oils into biodiesel, it is necessary to prepare a processing machine, a biodiesel reactor. However, previously, a laboratory-scale biodiesel reactor was needed with the following criteria: (i) the amount of biodiesel produced was 500 mL per working cycle (batch); (ii) the target of the design was expected to convert all types of vegetable oils into biodiesel; (iii) the materials of reactor were easy to obtain; and (iv) the design was oriented to balance the performance cost to get the maximum value.
Reactor testing. As much as 500 mL (0.527 mol, 451.4 g) of palm oil was transesterified using methanol (3.16 mol, 128 mL, 101.12 g) in the presence of 1% basic catalyst (4.5 g). The Properties of the oil were tabulated on Table 1 . The stages of reactor testing consisted of two kinds of experiment, namely: (i) determining the reactor capacity, which consisted of the circulation flow rate, the starting time of glycerol formation and the rate of glycerol addition, and (ii) comparing the effect of glycerol treatment and checking in a pairs test design.
Results and Discussion
Reactor design. The functional components of the biodiesel reactors were: (i) tank reactor, (ii) circulating pump, (iii) a heating element, (iv) static mixer, and (v) sprayer. The condition in the reactor tank was much quieter because there was no pounding waves or turbulence as in the mechanism of agitator blades; liquid mixture was splashed smoothly and evenly and fell into the surface of the liquid, then gradually flew down. In a steady condition, there was available time for glycerol gradual separation from the mixture system, and it was used as much as possible to prevent the glycerol from being back-reactants. And it was also to set the position of the tank toward the exit pipe circulation pump from the bottom of the tank reactor in order to be a place of glycerol decantation.
Structural design of the reactor ( Figure 3 ) consists of (1) 
Measurement of reactor performance:
(1) Measuring the rate of stirring circulation. In a stirring circulation with a flow rate of 20.11 mL/sec, when it was processed for 20, 40, and 60 minutes, then the 620 mL mixture (500 mL oil + 120 mL methanol), respectively, had circulation of 39, 78, and 117 times evenly and effectively, because it passed through three types of mixing, namely agitation by the pump propeller, separation-reverse-rotation by a static mixer, and spraying to the surface by the nozzle. Thompson and He [6] have investigated that the use of a circulation pump and static mixer is more effective than the agitator blades. A blade stirrer has weaknesses; it consumes more energy to move the stirrer and requires a strong frame construction to support each component of the reactor. (2) Starting time of glycerol formation. The shape of this reactor has been given place of glycerol phase during the reaction. Position of inlet pipeline to the pump with 5 cm from the bottom reactor tank was to provide a quiet place for decanting glycerol along the process. This conical shape is the decantation zone of glycerol phase. The formation time of glycerol is easy to observe because the phase, color, and specific gravity was different from the ester phase. Glycerol formation is characterized by the appearance of a red-brown phase at the base of the reactor, which is in contrast with the bright yellow color of the ester phase. It was observed that the average time of glycerol formation is was 4.8 minutes after the transesterification process begun. Although this data was obtained visually, it was important information for the implementation of the following experiment. (3) Glycerol growth. Crude glycerol phase measurements carried out in stages during the process. This conical shape of the reactor tank is the glycerol decanted zone. Furthermore, glycerol phase was released gradually from valve ball at the bottom of the tank to be measured by time (Figure 4) .
The relationship between the processing time (X-axis) and an increase in glycerol volume (Y-axis) follows the inverse model described elsewhere [9] . The curve shape is a nonlinear regression model or a reciprocal model, described as follows:
The inverse model showed that if the X-variable increased indefinitely, then the form of b 1 X -1 would approach zero and Y would be close to the limit (asymptotic) of b o value (intercept). The equation had the value of b 1 (regression coefficient), -351.17, and the glycerol growth would be limited to close to the intercept value 66.44.
Comparing the glycerol separation treatment and control. This experiment tried two treatments, namely: (i) P 0 : control or without the separation of glycerol, and (ii) P 1 : the separation of the glycerol every five minutes. Both treatments were applied in the pair test design that was repeated five times using the t-test and the outcome is presented in Table 1 .
The results proved that the glycerol separation gave a different effect on the volume of glycerol, the volume of washed biodiesel, and the volume of dried biodiesel as a final product of the process. Washed biodiesel was mixed with warm water (60 ° C) and stirred for five minutes, then allowed to settle for two hours in order to obtain biodiesel and water phase separation. This work was performed with two replications. Furthermore, biodiesel is dried in the oven at a temperature of 60 ° C for one hour. The differences in biodiesel yield as end yield proved that the mechanism of separation of the glycerol by the design-build reactor gave higher yields compared with that of control.
Effect of the decrease in the level of methanol and the processing time. Rahmat et al. [9] reported that separation of glycerol could compensate a decrease on methanol and process. The separation of glycerol was conducted as it would be separated easily based on the density.
There were no differences in effect between the treatment of methanol m 1 through m 3 on the quantity and yield of biodiesel, it was indicated that the glycerol separation treatment could compensate the reduction of methanol in excess that should be given. In accordance with the Law of Mass Action, the transesterification reaction equilibrium position can be shifted toward the formation of biodiesel by splitting one of the products so it would not be a reverse reactant. Selection of glycerol as a by-product which was immediately separated from the reaction system has been considered more effective and practical since glycerol will separate itself by the specific gravity if it was accommodated by the shape of the reactor tank, i.e. by adjusting the position of the pipeline to the circulating pump 5 cm above the coneshaped base. This structure would accommodate glycerol that has been formed and was not brought back into the circulation pump.
The processing time could be reduced up to 20 minutes (m 5 ) using the circulation pump reactor that had a static mixer and a sprayer proved more effective than a bladestirred reactor and a continuous flow stirred reactor (CSTR). Transesterification reaction took place on condition that an effective stirring could be done to overcome the problem of mass transfer of vegetable oil into methanol.
Biodiesel quality testing. The quality testing aimed to determine the suitability of biodiesel fuel according to the requirements of diesel engines, including mainly the parameters of: (i) viscosity, as the first indications of whether the injector easily atomized the fuel in the diesel engines, (ii) density, for the completeness combustion condition of the diesel engines (iii) acid number, as an indicator of the level of free fatty acids and mineral acids, (iv) crude glycerol content, the number that shows the amount of glycerol in biodiesel after washing and drying; and (v) methyl ester content, as the indicator of the completeness of the transesterification reaction to convert vegetable oils into biodiesel [6] [7] . The parameters of the test results was not merely a measure of the value of the conversion yield of vegetable oil into biodiesel, but also for quality assurance in using diesel engines to prevent it from accelerated damage. Biodiesel with high acid numbers will cause all engine fuel system components rusty. Similarly, biodiesel with viscosity, density, and total glycerol beyond the standard limit will result in incomplete combustion and will generate a lot of crust on the combustion chamber. The crust is abrasive substance when carried away by the movement mechanism of any engine components, resulting in accelerated damages.
Transesterification reaction was done to improve the characteristics of the oil feedstock. In this experiment, transesterification lowered the viscosity from 47.98 mm 2 /sec to 4.75 mm 2 /sec by biodiesel (Table 3 ). Sample used in the characterization of biodiesel was a product of transesterification with the ratio of methanol 5:1 for 20 minutes. Transesterification could optimize the properties of vegetable oil. For instance, viscosity could be reduced from 47.98 into 4.75 mm 2 /s. Properties of biodiesel met the quality standard of SNI 04-7182-2006 [10] and ASTM [11] .
Mass balance analysis. The transesterification reaction by applying the glycerol separation was able to compensate for the decrease of the molar ratio of reactants methanol from 6:1 (m 1 ) to 5:1 (m 3 ), which changed the mass balance in the product, including: (i) increasing the biodiesel from 42.37% (in m 1 ) to 49.34% (in m 3 ), and (ii) reducing the methanol in excess from 42.37% (in m 1 ) to 32.89% (in m 3 ). The results of this calculation proved that the efficiency of biodiesel production could be enhanced with the glycerol separation engineering.
Conclusions
The biodiesel built-reactor accommodated the reaction running intensely in the outer reactor tank, and at the mean time, in the reactor tank, the glycerol separation took place after being formed through the deposition mechanism.
Technology of glycerol separation on the biodiesel reactor could decrease the usage of methanol into molar ratio of 5:1 and process time of 20 minute without affecting the quality and yield of biodiesel. The properties of biodiesel met the quality standard of SNI 04-7182-2006. However, there was an increase in the yield of biodiesel from 42.73 into 49.34% and a decrease in the disposed methanol from 42.37 into 32.89%.
